Wadhwa H, Gradinaru C, Gates GJ, Badr MS, Mateika JH. Impact of intermittent hypoxia on long-term facilitation of minute ventilation and heart rate variability in men and women: do sex differences exist? J Appl Physiol 104: 1625-1633 , 2008 . First published April 10, 2008 doi:10.1152/japplphysiol.01273.2007.-Following exposure to intermittent hypoxia, respiratory motor activity and sympathetic nervous system activity may persist above baseline levels for over an hour. The present investigation was designed to determine whether sustained increases in minute ventilation and sympathovagal (S/V) balance, in addition to sustained depression of parasympathetic nervous system activity (PNSA), were greater in men compared with women following exposure to intermittent hypoxia. Fifteen healthy men and women matched for age, race, and body mass index were exposed to eight 4-min episodes of hypoxia during sustained hypercapnia followed by a 15-min end-recovery period. The magnitude of the increase in minute ventilation during the endrecovery period, compared with baseline, was similar in men and women (men, 1.52 Ϯ 0.03; women, 1.57 Ϯ 0.02 fraction of baseline; P Ͻ 0.0001). In contrast, depression of PNSA and increases in S/V balance were evident during the end-recovery period, compared with baseline, in men (PNSA, 0.66 Ϯ 0.06 fraction of baseline, P Ͻ 0.0001; S/V balance, 2.8 Ϯ 0.7 fraction of baseline, P Ͻ 0.03) but not in women (PNSA, 1.27 Ϯ 0.19 fraction of baseline, P ϭ 0.3; S/V balance, 1.8 Ϯ 0.6 fraction of baseline, P ϭ 0.2). We conclude that a sustained increase in minute ventilation, which is indicative of longterm facilitation, is evident in both men and women following exposure to intermittent hypoxia and that this response is independent of sex. In contrast, sustained alterations in autonomic nervous system activity were evident in men but not in women. carbon dioxide; parasympathetic nervous system; sympathovagal balance LONG-TERM FACILITATION (LTF) of minute ventilation and/or its components (i.e., tidal volume and breathing frequency) may be elicited during and following short-term exposure to intermittent hypoxia (i.e., 20 -30 min) (38, 40, 44) . LTF is characterized by a gradual increase in respiratory motor activity during successive periods of normoxia that separate hypoxic episodes and by respiratory activity that remains elevated for up to 90 min following exposure to intermittent hypoxia (40). LTF of minute ventilation or phrenic nerve activity (3, 10, 22, 48, 49) and genioglossus muscle or hypoglossal nerve activity (2, 18, 34, 37) have been observed in goats (49), dogs (10), cats (34), ducks (41), rats (3, 18), and mice (48). Similarly, LTF of minute ventilation and genioglossus muscle activity have been observed in healthy humans (21) during wakefulness when carbon dioxide levels are sustained slightly above baseline values during and following exposure to intermittent hypoxia. However, LTF is absent in healthy individuals (14, 24, 35, 36, 43) and individuals with obstructive sleep apnea (26) when carbon dioxide is maintained at normocapnic or hypocapnic levels.
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In addition to carbon dioxide levels, the manifestation of LTF may also be impacted by a variety of other factors, one factor being sex (5, 39) . Studies completed in animals have shown that LTF is greater in young male rats (52) compared with female rats in either the estrous or diestrous phase (51) . Conversely, in middle-aged rats, LTF during the estrous and diestrous cycle is greater in females (51) compared with males (52) . The possibility that sex hormones have a role in the manifestation of LTF is supported by studies that have shown that gonadectomy attenuates LTF in male rats and that the restoration of testosterone levels restores LTF (53) . Additionally, the amplitude of LTF is different in the diestrous phase compared with the estrous in both young and middle-aged female rats (51) . On the basis of the reported findings in rats, it is possible that differences in LTF exist between human men and women. Thus the first purpose of our study was to determine whether the manifestation of LTF of minute ventilation and its components (i.e., tidal volume and breathing frequency) differs between men and women matched for age, race, and body mass index. We hypothesized that the magnitude of LTF would be greater in men compared with women.
In addition to its impact on ventilation, studies have shown that sympathetic nervous system activity (SNSA) persists above baseline values for up to 3 h following exposure to hypoxia (12, 29, 50) . Although no study to our knowledge has systematically examined whether LTF of SNSA induced by intermittent hypoxia is sex dependent, Jones and colleagues (23) did investigate whether the response of SNSA to a short period of sustained hypoxia was different in young healthy men and women (23) . These investigators reported that the response of the SNSA to hypoxia occurred at a faster rate in women compared with men (23) . Moreover, once the hypoxic stimulus was removed, the latency for the return of SNSA to baseline levels was short in women, whereas SNSA remained elevated in men throughout the recovery period (23) . This latter finding suggests that long-term alterations in autonomic nervous system activity following exposure to intermittent hypoxia might vary between men and women. Thus the second purpose of our study was to determine, using the noninvasive technique of heart rate variability, whether sustained depression in parasympathetic nervous system activity (PNSA) and sustained facilitation of sympathovagal (S/V) balance was evident in young healthy men and women during and following exposure to intermittent hypoxia. We hypothesized that the magnitude of sustained depression in PNSA and sustained facilitation of S/V balance would be greater in men compared with women.
MATERIALS AND METHODS
The Human Investigation Committees of Wayne State University School of Medicine and John D. Dingell Veterans Affairs Medical Center approved the experimental protocol. Fifteen healthy men and 15 healthy premenopausal women in the follicular phase of their menstrual cycle visited the laboratory on two occasions after informed consent was obtained. The men and women were matched on the basis of age, body mass index, and race. During the first visit to the laboratory, all subjects underwent a physical examination, and women also completed a pregnancy test. Once the inclusion criteria were satisfied, subjects were exposed to two 4-min episodes of hypoxia to ensure familiarization with the experimental protocol and apparatus.
Before the second visit, subjects were advised to fast for a minimum of 3 h, to avoid alcohol and caffeine for 8 h, and to have a minimum of 7 h of sleep to preclude any influence that these factors might have on the measured responses. On the second occasion, subjects arrived at the same time of the day to account for the influence of circadian rhythms on the measured variables. Additionally, 20 ml of venous blood were drawn into Vacutainer tubes with a clot activator (BD Diagnostics, Franklin Lakes, NJ) from 11 of the 15 women to measure sex hormone levels to confirm that each subject was in the follicular phase of her menstrual cycle. The sample collected was tested for the steroid hormones progesterone, estrogen, follicle-stimulating hormone, and luteinizing hormone. For the remaining participants (n ϭ 4), we assumed they were in the follicular phase of their menstrual cycle based on self-report. Subsequently, subjects assumed a supine position, and the required monitoring equipment was attached (see below for details regarding monitoring equipment). Thereafter, subjects breathed room air for 10 min so that baseline values of minute ventilation, breathing frequency, tidal volume, the end-tidal partial pressure of oxygen (PET O 2 ), and the end-tidal partial pressure of carbon dioxide (PETCO 2 ) could be determined. The PETCO 2 was then increased 4 Torr above normocapnic baseline values, and measurements of minute ventilation, breathing frequency, tidal volume, PET O 2 , and PETCO 2 were obtained for an additional 15 min before exposure to hypoxia. This level of carbon dioxide was maintained throughout the remainder of the protocol. Subjects were exposed to eight 4-min episodes of hypoxia separated by 5 min of normoxia. During the hypoxic episodes, PET O 2 was maintained at 50 Torr. At the completion of each episode, hypoxia was abruptly terminated with a single breath of 100% oxygen to rapidly bring the PET O 2 to the normoxic range. Following the last exposure to hypoxia (eighth episode), respiration was monitored continuously for 15 min during the poststimuli recovery period.
Instrumentation. During completion of the intermittent hypoxia protocol, subjects breathed through a face mask, which allowed end-tidal oxygen (model no. 17518; Vacumed, Ventura, CA) and carbon dioxide (model no. 17515, Vacumed) to be sampled from two separate mask ports. The face mask was connected to a pneumotachograph (model no. RSS100-HR; Hans Rudolph, Kansas City, MO), which monitored breath-by-breath changes in ventilation. The pneumotachograph was attached to a two-way valve. The inspiratory port of the valve was connected to a stopcock. Subjects inspired either room air or the contents from one of two bags attached to the stopcock. One bag contained 8% oxygen-92% nitrogen to rapidly reduce PET O 2 to 50 Torr at the onset of each hypoxic episode, and the other bag contained 100% oxygen to rapidly induce normoxia at the end of each hypoxic episode. Additionally, the output from a flowmeter was attached to a stopcock port connected to the inspiratory port of the valve. Gas from two cylinders containing 100% oxygen and 100% carbon dioxide were connected to the flowmeter. Thus supplemental oxygen and carbon dioxide could be added to the 8% oxygen-92% nitrogen to maintain desired levels of PET O 2 (50 Torr) and PETCO 2 (i.e., 4 Torr above baseline). An ECG was monitored and a pulse oximeter was used to monitor oxygen saturation (Biox 3700; Ohmeda, Boulder, CO). A 16-bit analog-to-digital converter (AT-MIO-16XE-50; National Instruments, Austin, TX) digitized the analog signals for online computer analysis using software specifically designed for this purpose. The software calculated minute ventilation, tidal volume, breathing frequency, PET O 2 , and PETCO 2 on a breath-by-breath basis.
Data analysis. Ventilatory data (minute ventilation, tidal volume, and breathing frequency) were obtained from all men and women. In two women, R-waves in the ECG could not be clearly differentiated because of signal noise. Consequently, heart rate variability measures were obtained from 13 of the 15 matched pairs.
Average values of minute ventilation, tidal volume, breathing frequency, PETCO 2 , and PETO 2 were determined for the last 10 min of the 15-min baseline period recorded immediately before intermittent hypoxia. Average values were also obtained for the last 2 min of each hypoxic episode. Additionally, average values were obtained from the last 2 min of the normoxic recovery periods that followed each hypoxic episode and for the initial, middle, and last 5 min of the poststimuli recovery period that followed the eighth hypoxic episode. These average values are reported both in absolute values and as a fraction of baseline values. Using the average absolute values of minute ventilation from both the hypoxic episodes and the normoxic recovery periods, we measured the ventilatory response to each hypoxic episode. This response was measured by subtracting the minute ventilation measured during the normoxic period that preceded each hypoxic episode from the average value of minute ventilation measured during the last 2 min of the hypoxic episode. The resulting change in ventilation was divided by the change (i.e., decrease) in PET O 2 , that occurred during the transition from the preceding normoxic period to the hypoxic episode to ultimately obtain a measure of the ventilatory response to each hypoxic episode (⌬V E/⌬PETO 2 ). Note that the oxygen level during each hypoxic episode was maintained at 50 Torr. Thus differences in ⌬PETO 2 measured between episodes were solely due to discrepancies in PET O 2 that existed between normoxic periods that preceded each hypoxic episode (see RESULTS and Fig. 1) .
To obtain noninvasive measures of autonomic nervous system activity, the time between each detected R-wave [i.e., interbeat interval (IBI)] was determined for the final 9 min of the baseline period (three 3-min segments) before the initial hypoxic episode, the last 3 min of each episode, and the last 3 min of each recovery period interspersed between the episodes. Additionally, the final 15-min recovery period was divided into five 3-min segments, and the IBIs for each segment were determined. The sequence of IBIs for each segment was interpolated, and a power density spectrum was created via a discrete Fourier transform of the interpolated IBI data. The resulting spectrum was integrated, and areas associated with discrete frequency bands were determined. Power spectra within the Ͼ0.15-to-0.40-Hz range were defined as high-frequency (HF) components. HF power of R-R variability is considered a function of cardiac PNSA to the heart (47b). Power spectra within the 0.04-to-0.15-Hz range were defined as low-frequency (LF) components. The LF component of R-R variability is considered to be modulated by both SNSA and PNSA (27, 47b) . The LF-to-HF ratio (LF/HF) is assumed to be an index of S/V input to sinoatrial node activity and has been found to be representative of sympathetic and parasympathetic balance in both physiological and pathophysiological conditions (33, 42, 47b) .
Statistical analysis.
A paired t-test was used to determine whether anthropometric variables differed between the men and women. A two-way analysis of variance with repeated measures in conjunction with Student-Newman-Keuls post hoc test was used to determine whether minute ventilation, tidal volume, breathing frequency, PET O 2 , and PETCO 2 during the recovery periods were significantly different from baseline. The factors in the design were group (i.e., men vs. women) and period (recovery period 1-7 and end recovery). The two-way analysis of variance was also used to determine whether minute ventilation, tidal volume, breathing frequency, and the ⌬V E/⌬PETO 2 was greater during the final hypoxic episode compared with the initial episode. The heart rate variability data were not normally distributed, so a Friedman analysis of variance on ranks was used to determine whether heart rate, HF, and LF/HF during the recovery periods were significantly different from baseline. Additionally, this analysis was used to determine whether progressive decreases in HF and increases in LF/HF and heart rate occurred from the initial hypoxic episode to the final hypoxic episode. A value of P Յ 0.05 was considered significant. Table 1 shows that the men and women were matched for age, body mass index, and race. Conversely, the height and weight of the men was greater compared with the women. The hormone levels shown in Table 1 confirm that the women were in the follicular phase of their menstrual cycle when exposed to intermittent hypoxia. During baseline, when subjects were breathing room air, minute ventilation and PET CO 2 was significantly greater in men compared with the women (minute ventilation, 10.4 Ϯ 0.4 vs. 8.9 Ϯ 0.5 l/min, P ϭ 0.04; PET CO 2 , 41.9 Ϯ 0.7 vs. 39.6 Ϯ 0.4 Torr, P Յ 0.01). As expected, these differences remained once the PET CO 2 was increased 4 Torr above baseline levels (P Ͻ 0.05) (Fig. 1) . During the intermittent hypoxia protocol, minute ventilation and breathing frequency were greater during the final episode compared with the initial episode in both the men and women (minute ventilation, P Ͻ 0.001; breathing frequency, P Ͻ 0.001) (Fig. 1) . In contrast, tidal volume during the final and initial hypoxic episodes was similar (Fig. 1) . In addition to the alterations in minute ventilation and breathing frequency observed during hypoxia, minute ventilation, tidal volume, and breathing frequency gradually increased during the recovery periods that were interspersed between hypoxic episodes. Consequently, these variables during the end-recovery period were significantly greater than baseline in both men and women (P Յ 0.001) (Fig. 1) . The increase in minute ventilation was accompanied by a gradual increase in PET O 2 that remained above baseline values during the end-recovery period (P Յ 0.001) (Fig. 1) . Figure 2 shows that, although a gradual increase in minute ventilation was observed during both the hypoxic episodes and recovery periods, the ⌬V E/⌬PET O 2 measured for the initial hypoxic episode was greater than that of the final hypoxic episode in both men and women (P Ͻ 0.03). Values are means Ϯ SE. Average hormone levels for women are also shown. BMI, body mass index; C, Caucasian; AA, African-American; AS, Asian; FSH, follicle-stimulating hormone; LH, luteinizing hormone. *Significantly different from men; P Յ 0.05. Fig. 1 . Average values for end-tidal carbon dioxide partial pressure (PETCO 2 ), minute ventilation, tidal volume, breathing frequency, and end-tidal oxygen partial pressure (PETO 2 ) recorded from the last 10 min of baseline, the last 2 min of each episode of hypoxia (indicated by vertical tick mark on x-axis), the last 2 min of each normoxic period that separated the hypoxic episodes, and the initial, middle, and final 5 min of the 15-min poststimuli recovery period for men (F) and women (E). Note that a progressive increase in minute ventilation and breathing frequency occurred during and following exposure to intermittent hypoxia in both men and women. Also note that tidal volume was significantly greater than baseline during recovery. The gradual increase in minute ventilation observed during the recovery periods was accompanied by increases in PETO 2 . Additionally, notice that the dashed lines denote baseline measures for the men and women and that the female symbols are obscuring the male symbols on the PETO 2 graph. *Significantly different from baseline; §significantly different from women; †significantly different from the initial hypoxic episode.
RESULTS

Men Women
Although the change in minute ventilation both during and after exposure to intermittent hypoxia followed a similar pattern within the men and women (Fig. 1) , minute ventilation overall was greater in the men compared with the women for each hypoxic episode and recovery period (P Ͻ 0.05). This difference was eliminated once the data were standardized to baseline values (Fig. 3) . Thus the enhancement of minute ventilation and breathing frequency during the last episode compared with the initial hypoxic episode (P Յ 0.001) was similar between groups (Fig. 3) . Moreover, the increase in minute ventilation (P Ͻ 0.01), tidal volume (P Ͻ 0.02), and breathing frequency (P Ͻ 0.02) during recovery compared with baseline was similar between groups (Fig. 3) .
Heart rate, HF, and LF/HF measured from the men and women during the baseline period when carbon dioxide was elevated 4 Torr above room air values were not significantly different (heart rate, 68.3 Ϯ 2.6 vs. 69.0 Ϯ 2.7 beats/min, P ϭ 0.80; HF, 4,598.5 Ϯ 1,440.0 vs. 6,412.6 Ϯ 1,720.5 ms 2 /Hz, P ϭ 0.39; LF/HF, 0.7 Ϯ 0.2 vs. 2.0 Ϯ 1.2, P ϭ 0.31). Figure 4 shows the heart rate, HF, and LF/HF measures obtained for each episode and recovery period standardized as a fraction of baseline measures. The results show that in the men heart rate increased during intermittent hypoxia compared with baseline (P Ͻ 0.001) and that a progressive increase occurred from the initial episode to the final episode (P Ͻ 0.01) (Fig. 4, top, left) . The increase in heart rate that was observed during intermittent hypoxia persisted into the recovery periods. Consequently, heart rate during the final recovery period was increased compared with baseline (P Ͻ 0.03). The progressive increase in heart rate was accompanied by a decline in HF (P Ͻ 0.02) (Fig. 4, middle, left) , and by an increase in LF/HF (P Ͻ 0.03) from the initial hypoxic episode to the final hypoxic episode (Fig. 4, bottom, left) . Moreover, during the recovery periods that followed the hypoxic episodes HF, remained reduced and LF/HF remained increased compared with baseline. Heart rate in the women also increased during the hypoxic episodes compared with baseline (P Ͻ 0.001) (Fig. 4, top, right) . However, measures obtained during the initial and last hypoxic episodes were similar. The increase in heart rate was accompanied by a decrease in HF activity (P Ͻ 0.01), which was similar during the initial and final hypoxic episodes (Fig. 4,  middle, right) . In contrast, no statistically significant increase in LF/HF during hypoxia was evident in the women, although a trend toward an increase was evident during the latter hypoxic episodes (Fig. 4, bottom, right) . Moreover, in contrast to the men, during the recovery periods HF and LF/HF were similar compared with baseline.
DISCUSSION
The primary findings of this study are that LTF of minute ventilation occurs in young healthy men and women during wakefulness and that the magnitude of this phenomenon is independent of sex. Moreover, we found that along with changes in minute ventilation, S/V balance was enhanced and PNSA depressed following exposure to intermittent hypoxia in men but not in women.
Methodological issues. The advantage of utilizing heart rate variability to monitor changes in autonomic nervous system activity is that continuous measures of PNSA and S/V balance can be obtained for prolonged periods of time. Moreover, the technique is noninvasive, so in contrast to more invasive techniques it did not impact on the respiratory and cardiovasMen Women Fig. 3 . Average values for minute ventilation, tidal volume, and breathing frequency standardized relative to baseline. The data were obtained from the last 10 min of baseline, the last 2 min of each episode of hypoxia (indicated by vertical tick mark on x-axis), the last 2 min of each normoxic period that separated the hypoxic episodes, and the initial, middle, and final 5 min of the 15-min poststimuli recovery period for men (•) and women (E). Note that the responses described for Fig. 1 are evident here. However, note that once the data were standardized relative to baseline, no differences exist between the male and female groups. *Significantly different from baseline; †significantly different from the initial hypoxic episode. Fig. 2 . Average change in ventilation divided by change in PETO 2 (⌬V E/ ⌬PETO 2 ) measured from the men and women for the initial and final hypoxic episode. Note that ⌬V E/⌬PETO 2 for the final episode was less than the value measured for the initial episode. †Significantly different from the initial hypoxic episode. cular parameters that we measured throughout and following exposure to intermittent hypoxia. HF measures obtained from the power spectrum derived from R-R interval variability are quantitative reflections of respiratory sinus arrhythmia modulated by the vagus nerve. Thus the HF amplitude is thought to reflect cardiac PNSA to the heart, and this assumption has been confirmed by numerous studies (47b). However, vagal modulation of the heart period can be affected by respiratory parameters (7) . The magnitude of the respiratory sinus arrhythmia is known to decrease with reductions in tidal volume and increases in respiratory rate. In our study the decrease in HF measures, relative to baseline, that we observed occurred in the presence of either an unchanging tidal volume or an increase in tidal volume. Thus changes in tidal volume were not responsible for the decrease in HF that we observed. Conversely, because breathing frequency gradually increased throughout the intermittent hypoxia protocol, it is possible that it impacted our measures of HF. However, because the increase in breathing frequency was similar in both the men and women, a similar depression in HF activity would be expected in both sexes following exposure to intermittent hypoxia. This was not the case. Despite similar increases in breathing frequency following exposure to intermittent hypoxia in both men and women, the depression of HF measures was only evident in the men and not the women. Moreover, no significant correlation was found to exist when the HF measures recorded during the end-recovery period were correlated to breathing frequency measures.
Women Men
Respiratory and autonomic responses during exposure to intermittent hypoxia. Our results showed that minute ventilation progressively increased from the first to the last hypoxic episode in both men and women, which is in agreement with our previous finding (21) . The amplitude of the progressive increase was similar between sexes and was due principally to a progressive increase in the breathing frequency response to hypoxia. This is in contrast to the tidal volume response to . Average values for heart rate, high-frequency (HF) measures of heart rate variability, and low-frequency (LF)/HF ratio standardized relative to baseline for men (F) and women (E). The data were obtained from the last 9 min (3 3-min intervals) of baseline, the last 3 min of each episode of hypoxia (indicated by vertical tick mark on x axis), the last 3 min of each normoxic period that separated the hypoxic episodes, and from 5 3-min intervals during the poststimuli recovery period. Note that heart rate was elevated during recovery compared with baseline in the men and that this increase was accompanied by a decrease in HF measures of heart rate variability and increases in the LF/HF ratio relative to baseline in men. In contrast, note that heart rate, high frequency measures of heart rate variability, and the LF/HF ratio during recovery were not significantly different compared with baseline in women. *Significantly different from baseline; †significantly different from the initial hypoxic episode.
hypoxia, which was similar during the first and last hypoxic episode. The gradual increase in minute ventilation from the first to the last hypoxic episode likely manifested itself because carbon dioxide was sustained slightly above baseline levels (i.e., 4 Torr) since we observed previously in humans that this phenomenon was not evident when carbon dioxide was sustained at or below baseline values (21, 26, 35, 43) . Given that the absolute values in minute ventilation gradually increased from the first to the last hypoxic episode, a similar increase in the ⌬V E/⌬PET O 2 might be expected. However, this was not the case principally because the change in minute ventilation from baseline immediately preceding each hypoxic episode gradually decreased. Our observations are similar to previous findings in cats and ducks (17, 41) . These studies reported that gradual increases in internal intercostal nerve activity or tidal volume were observed from the initial to the final episode of carotid sinus nerve stimulation or hypoxia. However, the change in internal intercostal nerve activity or tidal volume relative to the preceding baseline period either remained constant or decreased.
The ⌬V E/⌬PET O 2 is considered by many investigators to be indicative of peripheral chemoreflex sensitivity (8, 9, 44) . Accordingly, our findings might suggest that chemoreflex sensitivity was decreasing from the initial to the final hypoxic episode. Then again, there are no published data to support that this event occurs during brief exposures to intermittent hypoxia. The decrease in ⌬V E/⌬PET O 2 we observed might also have occurred because the peripheral chemoreflex threshold gradually decreased from the first to the last hypoxic episode. Although increases in the peripheral chemoreflex threshold have not been documented during exposure to intermittent hypoxia, increases have been observed during exposure to short periods of sustained hypoxia (31) . Nonetheless, we believe that it is unlikely that decreases in peripheral chemoreflex sensitivity and/or increases in the chemoreflex threshold are responsible for the decreases in ⌬V E/⌬PET O 2 observed. We and others (1, 16, 19, 28, 35) have shown that peripheral chemoreflex sensitivity is increased and the threshold is decreased or remains unchanged following exposure to acute or chronic intermittent hypoxia. Instead, we speculate that the neural mechanism potentially responsible for both the gradual increase in minute ventilation during the baseline and hypoxic periods (i.e., see LTF of minute ventilation) was gradually approaching a point of saturation. This possibility is supported by work completed in cats, which has shown that the neural mechanism responsible for either short-term potentiation or LTF of phrenic nerve activity appears to saturate completely at a level of inspiratory activity that is lower than maximal phrenic nerve activity (15, 17) .
In addition to minute ventilation, heart rate gradually increased from the initial episode to the final episode in men. This progressive increase has also been observed previously in men exposed to intermittent hypoxia (16) . In contrast, a similar increase in heart rate occurred during the initial and final episodes in the women. Although the pattern of the heart rate response from the initial to final hypoxic episode varied between sexes, both groups ultimately achieved a similar heart rate during the final hypoxic period. In conjunction with the increase in heart rate during hypoxia, HF measures of heart rate variability, which we assumed were indicative of PNSA, were depressed during exposure to intermittent hypoxia. The degree of depression from baseline was similar in the men and women by the final episode of hypoxia. However, a similar level of depression was achieved in each episode for the women, whereas, in contrast, depression of HF measures from the initial to the final episode occurred in a more progressive fashion in the men. Moreover, a progressive increase in S/V balance was observed in the men so that the S/V balance during the last hypoxic episode was greater than the initial hypoxic episode. A similar trend was observed in some women; however, overall S/V balance was not different during the hypoxic episodes and baseline.
LTF of minute ventilation. A gradual manifestation of LTF of minute ventilation or phrenic nerve activity occurs during normoxic recovery periods that separate episodes of hypoxia or carotid sinus nerve stimulation in a variety of species (3, 10, 41, 48, 49) . The results from the present study have also demonstrated that a gradual increase in minute ventilation occurs from the initial to the final recovery period in healthy young men and women. Our finding in men replicates our results from a previous study (21) , whereas the finding in women establishes that LTF, initially reported in a small number of women (n ϭ 4) (21), can be evoked consistently in larger numbers. However, in contrast to animal studies, LTF following exposure to intermittent hypoxia may only be evident in humans during wakefulness if carbon dioxide is sustained slightly above baseline levels during and following exposure to intermittent hypoxia (21) . We showed that LTF was clearly evident when carbon dioxide was sustained slightly above baseline levels during and following exposure to intermittent hypoxia. In contrast, we and others (14, 24, 35, 36, 43) have shown that LTF of minute ventilation was absent in humans during wakefulness when carbon dioxide was sustained at hypocapnic or normocapnic levels.
Given that sustained levels of carbon dioxide are required for the manifestation of LTF, it may be argued that this stimulus rather than intermittent hypoxia was primarily responsible for the LTF of minute ventilation we observed. However, support in the literature for this possibility is equivocal (20, 25, 46) . In previous studies that examined the ventilatory response to sustained hypercapnia, a gradual increase in ventilation was not universally observed in all subjects, leading to nonsignificant findings (20, 25) . More importantly, if any increase in ventilation was observed beyond 15 min of exposure to sustained hypercapnia (i.e., the length of the baseline period in the present investigation) at the level employed in our study (i.e., 4 Torr above baseline), the increases were significantly less [e.g., less than 11% above baseline levels (20, 46) ] than the elevated levels in minute ventilation that we observed during the end-recovery period in the present study (47-53% greater than baseline). More convincingly, in a previous investigation we showed that exposure to sustained hypercapnia in the absence of intermittent hypoxia did not lead to significant increases in ventilation relative to baseline (21) . Conversely, using a protocol similar to one employed in the present investigation (i.e., intermittent hypoxia in the presence of sustained hypercapnia), LTF of minute ventilation was clearly induced (21) .
Besides the potential impact of carbon dioxide on the manifestation of LTF, studies completed in rats indicate that sex may impact the manifestation of LTF (5, 39) . More specifically, the magnitude of LTF of phrenic nerve activity for a given age appears to be sex dependent. LTF of phrenic nerve activity is most prominent in young male rats and diminishes as they age (52) , whereas LTF of phrenic nerve activity increases in female rats from youth to middle age (51) . Collectively, results from these studies suggest that LTF of phrenic nerve activity is greater in young male rats compared with female rats and is less in middle-aged male rats compared with female rats (51, 52) . The possibility that sex might have an impact on the manifestation of LTF indicates that sex hormones might have a key role in the manifestation of LTF. This potential link between sex hormones and the manifestation of LTF is supported by studies that have shown that gonadectomy attenuates LTF in rats and that the restoration of testosterone levels restores LTF (53) . Additionally, the amplitude of LTF is different in the diestrous phase compared with the estrous in both young and middle-aged female rats (51) .
Given the findings in rats, we hypothesized that LTF would be greater in young men compared with women matched for age, race, and body mass index. However, in contrast to our hypothesis, our results showed that the magnitude of LTF was similar in men and women once the data were standardized to baseline values. Besides species differences, there are a number of potential reasons why our results are dissimilar to those previously found in animals. It is possible that minute ventilation needed to be recorded for a longer period of time following the last hypoxic episode to disseminate sex differences in LTF of minute ventilation. Previous studies have shown that LTF may persist for up to 60 min and may gradually increase within that time period (see Fig. 1 in Ref. 39) . If the rate at which LTF gradually increases within the 60-min time frame varies between sexes, this difference could become clearer if minute ventilation was recorded for a longer period of time. Moreover, our studies were completed during wakefulness, whereas animal studies that have investigated sex differences were completed under conditions of anesthesia. Anesthesia could expose different capabilities within the respiratory control system of male and female rats to respond to intermittent hypoxia (see "LTF in different experimental preparations" in Ref. 39 and "Intermittent hypoxia causes respiratory LTF " in Ref. 32 for additional discussion). Lastly, although we did not observe sex differences in LTF of minute ventilation, it is possible that the magnitude of LTF of genioglossus muscle activity is sex dependent since variations in the expression of LTF have been shown to exist between different groups of motoneurons (see "Long-term facilitation is also expressed in upper airway muscle activity" in Ref. 32 and "Hypoglossal and phrenic motor output may be differentially influenced by neuromodulators" in Ref. 6 for additional discussion).
Heart rate variability following exposure to intermittent hypoxia. In addition to LTF of minute ventilation, recent animal (13) and human studies (30) have indicated that LTF of SNSA can also be activated concurrently following exposure to intermittent hypoxia. Our results support these findings in that both minute ventilation and heart rate gradually increased during the recovery periods that interspersed the hypoxia episodes and remained elevated during the final recovery period that followed the last hypoxic episode. The increase in heart rate was accompanied by a suppression of HF activity and an elevation in LF/HF during the final recovery period. However, the heart rate and autonomic responses were only clearly evident in the men. On the basis of our assumptions (see Data analysis for assumptions), our results indicate that suppression of PNSA and elevations in S/V balance may be observed typically in men following exposure to intermittent hypoxia.
There is only one other study (16) to our knowledge that has investigated heart rate variability alterations in men using a paradigm that was similar to our intermittent hypoxia protocol. Foster and colleagues (16) investigated whether exposure to six 5-min episodes of hypoxia, separated by 5 min of normoxia, for 1 h over a 12-day period impacted heart rate variability. The authors reported that heart rate variability remained unaltered after 12 days of exposure. However, it was difficult to determine whether measures of HF and LF/HF were altered on a given day because the heart rate variability data were not presented (16) . Other studies have also investigated autonomic nervous system responses following exposure to hypoxia, but these studies differed from our investigation either because the pattern and duration of exposure to hypoxia were dissimilar (i.e., exposure to intermittent hypoxia or continuous hypoxia over a longer time duration) and/or a different technique was used to measure autonomic nervous system activity (i.e., recordings from the peroneal nerve). Nonetheless, a suppression of HF and an increase in S/V balance has been observed in cats in response to long-term exposure to intermittent hypoxia (45) . Likewise, the findings of Sevre and colleagues (47a) indicate that sustained increases in normalized LF and sustained suppression of normalized HF may occur in humans following exposure to chronic continuous hypoxia (see Fig. 3 of Ref. 47a). Moreover, an increase in SNSA derived from peroneal nerve recordings has been reported following exposure to acute intermittent hypoxia (12, 29) .
In contrast to the findings in the men, our results showed that heart rate in the women returned to resting levels during each recovery period. The lack of a sustained increase in heart rate was accompanied by HF and LF/HF measures during recovery that were similar to baseline. To our knowledge, no other studies have systematically examined whether autonomic responses following intermittent hypoxia are sex dependent. In two studies that did compare autonomic responses in men and women following exposure to hypoxia, the number of men was greater than the number of women so that close matching for a variety of anthropometric factors (i.e., age, race, and body mass index) did not occur (23, 29) . Moreover, the potential impact of the menstrual cycle on autonomic responses following hypoxia was either not considered (29) or could not be adequately determined because of sample size (23) . The studies also differed from our investigation because SNSA was determined by obtaining recordings from the peroneal nerve (23, 29) . Likewise the pattern and duration of the hypoxic stimulus differed from that employed in the present study, with one investigation exposing participants to one bout of 10% hypoxia for 15 min while carbon dioxide was sustained at baseline levels (23) and the other investigation subjecting participants to 20-s apneas per minute for 30 min while carbon dioxide levels were allowed to decrease below baseline values during recovery (29) . Thus similarities or differences in our findings with previous results must be interpreted with caution. Nonetheless, one study reported that muscle SNSA after repetitive hypoxia was elevated in both healthy men and women and that the response was similar (29) . In contrast to this finding, and in agreement with our results, Jones and colleagues (23) reported that following exposure to sustained hypoxia SNSA decreased close to baseline levels in women but remained elevated in men during the recovery period.
Physiological significance. It has been hypothesized that repetitive episodes of hypoxemia that occur in conjunction with apneic events in individuals with sleep apnea may lead to the initiation of LTF of minute ventilation. If this occurs, then our results suggest that the expression of LTF may be similar in young men and women. Our results also indicate that LTF of minute ventilation may be accompanied by sustained depression in PNSA and elevation in S/V balance following exposure to acute intermittent hypoxia. These acute responses to intermittent hypoxia indicate that chronic exposure could result in a more pronounced depression in PNSA and a more pronounced elevation in SNSA. The consequence of these alterations in autonomic nervous system activity could be sustained increases in blood pressure and reduced opposition to sympathetic stimulation of the heart in individuals with sleep apnea. This suggestion is supported by evidence that has shown that individuals diagnosed with sleep apnea have a greater level of SNSA compared with healthy individuals (11) . Moreover, the elimination of sleep apnea with continuous positive airway pressure results in a decrease in sympathetic tone in individuals with sleep apnea. It is interesting to note, however, that the depression of PNSA and the increase in S/V balance were observed principally in the men following exposure to intermittent hypoxia and not women in our investigation. If these findings ultimately extend to individuals with sleep apnea, then it is possible that alterations in autonomic nervous system activity may not be as great in women compared with men with sleep apnea exposed to a similar intensity of hypoxemia.
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